The mammalian securin, pituitary tumor transforming gene (Pttg) 
Introduction
During mitosis sister chromatids are aligned on the metaphase plate and held together by cohesin (33). Metaphase to anaphase transition occurs whereby SCC1, a component of the cohesin complex, is cleaved by the separase protease. Separase is released from tonic securin inhibition by activated anaphase promoting complex (APC), which degrades securin (33). Securin was first identified in budding yeast as PDS1 (32), and the mammalian homologue (57) had been identified in pituitary adenomas as pituitary tumor transforming gene (Pttg) (34). Despite the key role for securin in cell division, Pttg-/-mice are viable and display multi-organ (pituitary, testis, pancreaticcell and spleen) hypoplasia, and they are lean (3, 52, 53) . The tissue-specific response to global Pttg deletion likely depends on intrinsic tissue properties. Thus, highly differentiated and slowly proliferating tissues (for example pituitary and pancreatic cells) appeare to be more sensitive to Pttg absence than rapidly proliferating epithelial cells.
Adult or tissue-specific stem cells maintain and regenerate mature tissues as a function of normal physiology, or in response to injury and have been detected in skin (2, 49) , gut (18, 30 ), brain (8) , liver (51) , skeletal muscle (12) , male germ cells (9, 26) and bone marrow (BM) (11, 17, 37, 38, 41) . The BM cavity is a repository for haematopoietic stem cells (HSC) and adult mesenchymal stem cells (MSC) which give rise to bone, cartilage and adipocyte lineages (10, 11, 28, 35, 37) . Bone marrow may also comprise stem cells with a broader differentiating capability, and with more primitive proliferation and differentiation properties. Multipotent adult progenitor cells (MAPC) reside in the Page 4 of 43 bone marrow, differentiate into ectodermal, mesodermal and endodermal germlayer lineages (16, 17, 41, 42, 45) , and proliferate indefinitely without losing pluripotent characteristics, or undergoing transformation. The function of diverse bone marrowderived pluripotent bone marrow stem cell (BMSC) populations is not completely clear (1, 6, 7, 19, 24, 46, 50) , but they have been proposed to migrate from BM to comprise tissue-specific stem cells (25) , and cells with similar features have been isolated from tissues other than BM (17) , including, brain, spleen, liver, skin, muscle and fat.
To elucidate the role of Pttg in BMSC proliferation and differentiation we studied Pttg-/-and WT stem cells derived from bone marrow under MAPC conditions. We show that Pttg-/-cells proliferate more slowly than WT cells, and lower cyclin D1 and elevated p21 levels with enhanced features of cell senescence confirm these results. The DNA repair system is up-regulated in Pttg-/-BMSCs, as these cells exhibit higher rad21 and rad17 levels. These results indicate a role for Pttg in the proliferation and maintenance of BMSC.
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Primary culture and BMSC culture: BMSCs were isolated under MAPC conditions (16) .
BM was flushed from the femur and tibia of 4-6 wk C57Bl/6J Pttg-/-and WT mice of the same genetic background into DMEM low glucose (LG) (Invitrogen, Carlsbad, CA).
Cells were sequentially suspended using a 16 G and then a 20 G needle, passed through a 40 µm strainer (BD Biosciences, San Jose, CA), centrifuged and resuspended in expansion medium: 60% LG DMEM (Invitrogen), 40% MCDB-201, supplemented with 1x insulin/transferrin/selenium, 1 mg/ml linoleic acid-BSA, 0.8 mg/ml BSA, 10 -4 M ascorbic acid 2-phosphate (all from Sigma-Aldrich, St. Louis, MS), 1x chemically defined lipid protein, 100 U/ml penicillin, 100 U/ml streptomycin (Invitrogen), 2% FCS (Hyclone Laboratories, Logan, UT) and 10 ng/ml each of epidermal growth factor (EGF, (BD Biosciences), and resolved on 3-8% gels, followed by transfer to PVDF membrane for radiographic exposure. Two weeks later, the same membrane was immunoblotted with anti-separase to verify the 240 kDa band identity.
Templates for probes and Northern Blot Analysis: Probes for murine Pttg1 were generated as described (53) . The -actin DECA probe was a 1.076 kb fragment of the mouse -actin gene (Ambion, Austin, Texas, USA). RNA extraction was performed using TRIZOL reagent (Invitrogen). In brief, 10 to 20 µg total RNA was electrophoresed Micro Bio-Spin Chromatography Columns (Bio-Rad, Hercules, CA) was used to purify probes. Membrane pre-hybridization and hybridization were performed using QuickHyb Solution (Stratagene) and then exposed to Hyperfilm MP (Amersham) at -70°C.
Generation of mPttg directed siRNA: mPttg-directed siRNAs were planned and generated using the RNAi oligo retriever web site (http://katahdin.cshl.org:9331/RNAi/html/rnai.
html) and the "shagging PCR protocol". Three siRNAs primers were designed, each directed against a 29 base pair sequence in the mPttg and U6 promoter reverse primer sequence. All were found to be specific for mPttg by BLAST search and their full sequence was:
( The primers were used together with a SP6 primer to clone the U6 promoter, generating a PCR product containing both the U6 promoter and the mPttg-directed siRNA sequence. 12 The PCR product was inserted into the pCR2.1 vector using a TA cloning kit (Invitrogen). A scrambled siRNA was designed by the same method and was used as a control. PCR efficiency tests, standard curves and melting curves were optimized for each respective primer pair. The Fail-Safe SYBR green real-time PCR system (Epicentre Biotechnologies, Madisom, WI) was used. PCR reactions were run in agarose gels Red to confirm calcium deposits (Fig. 2a) ; no differences between Pttg-/-and WT were detected.
Quantitative RT-PCR (qRT-PCR
Adipocyte differentiation (Fig. 2b) 
Proliferation
After 45 population doublings Pttg-/-BMSC (seeded at 300 cells/cm 2 ) proliferation was 40% lower as measured by cell counting (p< 0.01) and attenuated by 27% (p < 0.05) as measured by MTT incorporation after 8 days (Fig. 3a) . Marked differences in cell growth were evident when cells were cultured under different oxygen concentrations after the fifth passage (Table 2) ; while 7 of 10 WT cultures grew successfully under normoxic and hypoxic conditions, 6 of 10
Pttg-/-cultures grew in normoxia, and only three were viable in a hypoxic environment. After culture establishment, Pttg-/-BMSCs were transferred from 21% to 5% O 2 , a change that although not lethal to the culture, further attenuated Pttg-/-cell proliferation (45% difference during the linear growing phase, compared to WT, p < 0.01, Fig. 3b) . Interestingly, HIF1 , a transcription factor which responds to hypoxia, was elevated in Pttg-/-cells, even at baseline prior to hypoxia exposure. Upon 1 hour exposure to 3% O 2 , HIF1 levels increased further (Fig.   3c , p < 0.005 at each time point).
Apoptosis and senescence
To study mechanisms leading to decreased proliferation, we compared WT and Pttg-/-cell viability, and also assessed apoptosis (Fig. 4a) . Propidium iodide ( 
Cell cycle analysis
To test whether the slower rate of Pttg-/-BMSC proliferation and increased senescent features were reflective of aberrant cell cycle progression PI was added after serum starvation at time 0, 6 and 24 hours after serum addition (Fig. 5a ). Upon serum starvation most Pttg-/-cells were arrested in G2/M (49% ± 12%, compared to 28% ± 7% of WT), while most WT cells were arrested at G1/G0 also (51% ± 16% vs 39% ± 11%, p < 0.05). After 24 hours no difference in S phase cells was seen (35% of WT and 37% of Pttg-/-cells), albeit at every time point more Pttg-/-cells were at G2/M than WT.
DNA array of cell cycle genes
As Pttg-/-cells arrested upon starvation during G2/M, we assessed cell cycle-related gene expression patterns. WT and Pttg-/-cells were serum-starved, and 6 hours after addition of replete medium, RNA was extracted and hybridized with a SuperArray Mouse Cell Cycle Related Gene membrane (Fig. 5b, Table 3 ). Of 112 cell cycle genes, two gene groups were found to be affected by Pttg deletion: cell cycle regulators, and genes related to DNA damage and Western blot analysis of cyclin B1, cyclin D1 and p21 levels (Fig. 5c ). Several DNA damage and stress genes were up-regulated, including rad21, rad17, rad51 and sestrin 2 (4.4-, 7.7-, 2.1-and 2.8-fold increase, respectively). qRT-PCR analysis showed 16.5-and 2-fold increase in rad51 and sestrin2 expression, respectively. p53 and ataxia telangictasia (ATM) mRNA expression were similar in WT and Pttg-/-cells as revealed by gene array. However, Western blot analysis showed that these specific proteins were elevated in Pttg-/-cells, but differences in p27, cyclin D3 and Bcl2 mRNA and protein levels were not detected in WT and Pttg-/-cells.
Separase expression and phosphorylation:
As a role for the separase-securin complex in DNA damage has been shown in fission yeast (31) we studied the expression pattern of separase in BMSCs. Four polypeptide bands were detected by Western blot, of which three, 220kDa, 150kDa and 65kDa, represent full length and auto-cleaved separase products (4), and all three are down regulated in Pttg-/-BMSCs (Fig.   6a,b ). An additional band corresponding to a 240kDa polypeptide was more intense in Pttg-/-cells (Fig. 6a,b) . To test whether separase phosphorylation serves to inactivate separase in the absence of securin, cells were metabolically labeled with [ 32 P]orthophosphate, and immunoprecipitated with separase antibody (Fig. 6c) . A 240 kDa phospho-band corresponding to the separase band was detected in Pttg-/-but not in WT cells (Fig. 6d) . To confirm that separase phosphorylation was associated with Pttg deletion, we targeted Pttg expression in a pituitary mouse folliculostellate cell line (TtT/GF) with 3 different siRNA constructs. When Pttg mRNA was decreased by 50% (Fig. 6e) , separase phosphorylation was enhanced (Fig. 6e) . Nevertheless we did not wholly achieve the rigorous MAPC phenotype. BMSCs were grown as single cell colonies, with the potential to differentiate both to endodermal and mesodermal lineages, thus suggesting multipotency. However, we cannot exclude the possibility that some colonies arose from two or more co-isolated progenitor cells.
Discussion
Although viable and fertile, Pttg-/-mice breeding resulted in reduced litter sizes, demonstrating the embryonic requirement for Pttg (53) . However, proliferation of Pttg-/-embryonic stem cells was not compromised (27) , suggesting that Pttg primarily affects later embryonic stages. Indeed, adult Pttg-null mice display fully differentiated organs, yet exhibit organ-specific hypoplasia affecting spleen, pituitary, testis and interestingly, pancreatic -cells seen only at 6-10 months (53). These phenotypes are therefore Reduced separase expression could also contribute to elevated DNA damagerepair genes in Pttg-/-BMSCs. In this study, as well is in others, Pttg deletion was associated with separase down-regulation (31, 36). Securin/separase complex down regulation in Fission yeast led to impaired DNA damage repair (31). The evidence therefore suggests that securin-dependent down regulation of separase seen in Pttg-/-BMSCs could lead to impaired DNA damage repair followed by DNA repair gene elevation, and ATM activation.
Pttg-/-
Interestingly, DNA repair genes were up-regulated in Pttg-/-BMSCs, with no apparent chromosomal defects, evidenced by normal karyotype and no tumor formation upon injection into mice (data not shown), all expected with accumulated mutations.
Moreover, in other models, Pttg-/-cells exhibit chromosomal aberrations, reflective of the crucial Pttg role in cell division (53, 55) . In thyroid and colorectal cells Pttg overexpression increases chromosomal instability, and in colorectal cells the instability inhibits double-stranded DNA repair activity (20, 21) .
The crucial role of securin in cell division indicates that a compensatory mechanism for regulating chromatid separation is likely operative in Pttg-null mice cells (27, 52, 53) . Phosphorylation maybe an alternative mechanism for inactivating separase.
High in vitro CDC2 activity inhibits separase activity by phosphorylation at serines 1126 and 1501 (47) . Furthermore, non-phosphorylated separase, mutated at serine 1126, in securin-deleted mouse embryonic stem cells led to compromised proliferation, and failure to maintain sister chromatid cohesion in response to spindle microtubule disruption (13) .
We observed a shift of separase in Pttg-/-BMSCs, suggesting that in vivo separase phosphorylation occurs as a compensatory mechanism for Pttg deletion.
We show here that Pttg is required for appropriate BMSCs proliferation and for recruitment upon challenge, as evidenced by poor proliferative capacity of Pttg-/-BMSCs in both atmospheric oxygen and under hypoxia. Low Pttg-null BMSCs proliferation and enhanced senescent features may imply that tissue specific stem cells Subsequently, membranes were stripped and reblotted with -actin probe. Bone marrow derived from WT and Pttg-/-mice was isolated, and cells incubated in either high oxygen (21%), or in 5% oxygen. (+), cultures that exceeded 5 passages; (-), failed to proliferate beyond 5 passages. Microarray analysis experiments were repeated three times, normalized against housekeeping genes (details in "Materials and Methods" and 
